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NOMENCLATURE 
a growth parameter (Equation 3.6b) 
constants 
b binary collision frequency (#^ ^ t ^)* 
B volumetric birth rate of particle in size range L to L + dL 
(#4-4t-l) 
D volumetric death rate of particle in size range L to L + dL 
(#jr4t-i) 
D^q ^ diffusion coefficient at 20°C in water (cm^s~^) 
turbulent diffusivity (^^t~^) 
—1 f frequency (t ) 
G differential growth rate of aggregate L (^ t"^) 
J turbulent diffusion flux 
k Boltzmann constant (Equations (3.1) and (3.2)); death rate 
constant (Equation (3.25)) 
k' death rate constant (Equation (3.19)) 
k" death rate constant (Equation (3.23)) 
3 k^ volumetric shape factor (volume = k^L ) 
K growth rate constant (Equation (3.6b)) 
growth rate constant (Equation (3.6a)) 
Z . eddy scale (^) 
L aggregate mean diameter (^) 
L^ aggregate nuclei diameter (^) 
L. particle diameter at which turbulent and Brownian diffusivities 
are equal (,6) 
^Dimensions: number Jii length m: mass t; time 
0: temperature. 
N number concentration 
n number density (#^ '^) 
n^ nuclei number density 
N^orce force number (dimensionless) 
0 protein oligomer 
p' turbulent pressure fluctuation (m ^  ^  t 
r radial coordinate (^) 
R collision radius (<g) 
S_- sedimentation coefficient (Svedberg units) 
zu,w 
t time (t) 
T temperature (0) 
eddy velocity (4 t ^ ) 
^e 
V potential of interaction (Equation (3»1)) 
3 
V volume of aggregate (X ) 
Vg root mean square velocity gradient (t ^ ) 
VgQ specific volume (cm^ g ^) 
w stability ratio (Equation (3.1)) 
Subscripts 
a aggregate 
d refers to breakage term 
E refers to erosion mechanism 
i»j refer to i-, j- fold aggregates 
p refers to pressure fluctuation mechanism 
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CHAPTER lé INTRODUCnON 
Precipitation is a unit operation widely used for laboratory or 
industrial recovery and purification. The recovery of protein from 
food processing waste streams and the isolation of animal or plant 
protein involves precipitation in one or more steps during processing. 
Animal and cereal products are the major sources of protein 
consumed by humans [54]. Flavor and texture problems associated with 
plant proteins have hindered their use in foodstuff, but, with the 
growing world population, social and economic forces have demanded the 
acceptance of plant proteins in the human diet. 
Soybean is by far the most common source of plant protein, but 
proteins from vital wheat gluten, peanut, com and wheat germ meal, 
dried field peas and beans, and sesame are currently marketed [54]. 
Plant proteins, such as glandless cottonseed [50,54], sunflower [l5,54, 
87], winged bean [21,54], and lupine [24,54] among others are currently 
in development. Recovery of plant proteins from food processing waste 
streams [25,31,33] is also in development. 
Soybean Products 
The soybean has been used in the Far East countries as part of the 
human diet for centuries. The Japanese, for example [lOl], obtain 12 to 
13% of their dietary protein from soybean products; but in the Western 
World, soybeans as a foodstuff are known for a very short time and 
due primarily to taste preferences [78,101] are generally used as a 
modified food. 
Soybeans were grown in the USA as early as I8O4 [39], but it was 
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not until 1920, that a shortage of oil for paint and varnish gave them 
economic importance [78]. Soybean oil proved ideal because of its 
semidrying properties [78]; by 1930, the oil started to be accepted 
in or on foods [78] and World War II precipitated its total acceptance 
[78]. But, because of their composition (approximately [78,101] 41% 
protein, 31% carbohydrates, 16.5% oil, 7% water and 5% ash) soybeans 
are a source of protein as well. ITie first manufactured soy protein 
isolates (90% protein) were produced in the United State and were used 
in adhesive and paper coating [l3]; the first United States' edible soy 
protein processing plant started in 1959 [l3,78]. Though most of the 
soy protein produced in the United States is still used as animal feed, 
a growing volume is being used as a food ingredient [45]. Figure 1 
shows the overall scheme for converting soybeans into oil, meal, and 
related products by solvent extraction [lOl]; detailed description of 
processing may be found elsewhere [6,13,17,39,78,lOi]. Table 1 lists 
the functional properties of soy protein products [45]. 
Soy protein isolates 
Soy protein isolate is defined as [l7]; 
"the major proteinaceous fraction of soybeans prepared 
from high quality, sound, clear, dehulled soybeans by 
removing a preponderance of the nonprotein components, 
that shall contain not less than 90% protein (%N x 6.25) 
on a moisture-free basis." 
Soy protein isolates are typically composed of [45] 96% protein, 
0.1% fat, 0.1% fiber, 0.3% carbohydrates, and 3.5% ash. Figure 2 shows 
the flowsheet for the production of soy protein isolates. Defatted 
soybean flakes are the common raw material [l3,89,10i] but flour of high 
3 
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Figure 1. Overall scheme for processing soybeans into oil, 
flakes, and derived products [lOl] 
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Table 1. Functional properties performed by soy protein preparations^[45] 
Functional 
Property 
Mode of Action Food System Preparation 
used 
Solubility Protein solvation, pH 
dependent 
Beverages F,C,I,H 
Water absorp­
tion and 
binding 
Hydrogen-bonding of HOH, 
entrapment of HOH, no 
drip 
Meats, sau­
sages, breads, 
cakes 
F,C, 
Viscosity Thickening, HOH binding Soups, gravies F,C,I 
Gelation Protein matrix formation 
and setting 
Meats, curds, 
cheese 
C,I 
Cohesion-
adhesion 
Protein acts as adhesive 
material 
Meats, sau­
sages, baked 
goods, pasta 
products 
F,C,I 
Elasticity Disulfide links in gels 
déformable 
Meats, bakery I 
Emulsifica-
tion 
Formation and stabilization 
of fat emulsions 
Sausages, 
bologna, soup 
cakes 
F,C,I 
Fat adsorp­
tion 
Binding of free fat Meats, sau­
sages, donuts 
F,C,I 
Flavor-
binding 
Adsorption, entrapment, 
release 
Simulated 
meats, bakery 
0,1,H 
Foaming Forms stable films to 
entrap gas 
Whipped top­
pings, chiffon 
desserts, angel 
cakes 
I,W,H 
Color control Bleaching of lipoxygenase Breads F 
^F,C,I,H,W denotes soy flour, concentrate, isolate, hydrolyzate 
and soy whey. 
protein solubility,,may also,, be used [7,13,97,101]. For production of 
edible isolates, the extraction of protein from the flakes or flour is 
preferably carried out with dilute alkaline solution (~0.01 M NaOH) [17] 
which has proved to be a more effective dispersing agent [82] than water 
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or acid solutions, though water extraction is also being used [7,51,97, 
lOi]. The process is carried batchwise in a stirred.tank reactor, though 
counter-current extraction has also been suggested [87]. Clarification 
may be carried out by centrifugation and/or filtration. The residue 
contains water-insoluble polysaccharides and residual proteins. For the 
precipitation any food grade acid may be used, among these, the most 
common being [17] sulfuric, hydrochloric, phosphoric, and acetic. The 
precipitating 01 may vary from 4 to 5 [14,28,81,97] and a continuous 
stirred reactor [7,28] or tubular reactor [97] may be used. After 
filtering and/or centrifuging [lOl], the protein precipitate is washed 
DEFATTED MEAL, 
DILUTE ALKALI M.OIM NaOH) 
CLARIFICATION 
RESIDUE 
I 
EXTRACT 
ACIDIFICATION (pH 4.0 TO 5.0) 
WASHING 
ISOELECTRIC DRYING PROTEIN 
CURD 
WHEY 
PROTEIN 
WASHING 
NEUTRALIZING 
DRYING 
PROTEINATE 
Figure 2. Diagram for commercial production of soybean 
protein isolates [lOi] 
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and dried or neutralized, washed and dried. Drying is usually performed 
by spray drying [lOi]. The yield in residue, whey, and isolate is 
approximately one third of each [lOi], so about 70% of the protein is 
recovered. 
The functional properties of soy protein isolates (Table 1) may be 
damaged during each step on the processing, but the acidification is 
one of the most damaging ones. The pH of precipitation, duration of acid 
treatment and mixing, among other factors, influence the size and kind of 
aggregates formed [5,7,17,22,26,45,46,51,53,61,80,101,102]. Thus, to 
control the final product the kinetics of precipitation must be known. 
Here, we studied the kinetics of acid precipitation of soy protein in 
a continuous stirred tank reactor. 
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CHAPTER II. LITERATURE REVIEW 
As I am primarily concerned with precipitation of soybean proteins, 
I shall briefly discuss their structure and properties. 
Table 2 shows the components of soybean ptotein fractionated by ultra-
centrifugation [32] and their physical properties [9,90,100]. Different 
percentages for some of the fractions are provided in the literature, the 
differences sometimes result from association-dissociation reactions [45]. 
Soybean Proteins 
7S fraction 
Allantoinase, g-amylase, hemagglutinin, lypoxygenase and 7S globulins 
form the 7S fraction. P-conglycinin, the major 7S globulin [90] is a 
glycoprotein [32] composed of six heterotrimers that are made up of three 
kinds of subunits [90]. The subunits are associated via hydrophobic 
and perhaps hydrogen bonding [45]. The molecular weights of the hetero­
trimers range from 141000 to 171000, and that of the subunits from 42000 
to 57000 [90]. The polypeptides are compactly folded, though some 
unstructured regions exist. The carbohydrate content is about 5%, and the 
extent of disulfide crosslinking is limited [45]. 
lis fraction 
Glycinin, the IIS globulin is easily prepared (not in pure form) by 
cryoprecipitation [10,23,102] or by selective precipitation from low ionic 
strength buffer [89]. The quaternary structure possesses three acidic (IpH 
~ 4.7-5.4) and three basic (Iirfi ~ 8.0-8.5) subunits [45]. The structure is 
found to be two opposed hexagonal-shaped rings; the acidic and basic sub-
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Table 2. Components of the ultra centrifugation fractions (UCF) of soy-
proteins and their physical properties [9,32,90,100] 
Protein UCF 
Molecular 
Weight ^20 IpH 
Bovjman-birk 
trypsin 
tor ] 7975-2400 9.03 1.9-2.3 0.69 4 .0-4.2 
Cytochrome C I 2S 1200 —  — —  1.8 — —  —  — —  —  
Kunitz trypsin 
inhibitor 
/tzzz) 21500 2.29 0.698 4.5 
2.3S globulin 18200 2.28 — — —  — — —  
2.8S globulin . J 32600 2.80 — 4.4 
Allantoinase ) 50000 — — —  — — —  — —  —  
P-Amylase r 61700-69000 7.47 4.67 5.85 Hemagglutinin X37%) 89000 
110000 
5.0-5.72 6.0-6.4 — —  —  5, .85-6.20 
Lypoxygenase 102000 5.59 5.62-5.65 0.750 5. ,40-5.65 
7S globulin ) 141000 
210000 
3.85-4.52 7.20-7.95 0.72-0.73 4.9 
lis globulin lis 
(31%) 
333000 
356000 
2.91-3.44 12.2-12.3 0.719-0.730 5.0 
15S globulin 15S 
(11%) 
— — —  —  —  
units, arranged in an alternating fashion, are associated via electrostic 
interactions and hydrogen bonds [45]. The molecular weight ranges from 
320000 to 363000, and that of the subunits from 20000 for the acidic to 
35000 for the basic ones [9], The polypeptides are tightly folded and 
linked by disulfide bonds, the secondary structure consisting of mostly 
disordered regions with some g-structures [45], The IpH of acidic and 
basic subunits may account for the limited solubility of this protein at 
low ionic strength [45]. 
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Colloidal Systems 
"Colloid science is generally understood to be the 
study of systems containing kinetic units which are 
large 10"? cm) in comparison with atomic dimensions. 
Such systems may be systems in which the particles are 
free to move in all directions, or they may be derived 
systems (as a coagulum, a gel, etc.) in which the 
particles have lost their mobility either partially or 
entirely, but have maintained their individuality[96]." 
Soy protein extracts are made up of at least a dozen different 
proteins (Table 2), in which the molecular dimensions of the predominant 
fractions (~ 10 ^ cm) certainly classify this solution as a colloid. 
Therefore, the theory of aggregation of colloidal particles from solutions 
should be appropriate to describe the 'precipitation' of soy proteins 
from aqueous solutions. 
Protein solutions 
Proteins form hydrophilic colloids, and the stability of their 
solutions depend on both protein-protein and protein-solvent interactions. 
A balance between the forces involved in these interactions determines 
the nature of the three dimensional structure of protein products 
described as gel-like, aggregates and curds [32,49]. Association and 
aggregation are examples of protein-protein interactions dominating. 
Denaturation, dissociation, and solubilization occur in systems where 
protein-solvent interactions dominate. 
The literature is not consistent in using some of the above terms. 
Aggregation, association, coagulation and flocculation are frequently 
used interchangeably and often misinterpreted. Some definitions are 
desirable. 
Association refers to a specific type of protein-protein interaction 
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[32], such as subunit equilibrium reactions (monomer # dimer). The term 
aggregation refers to nonspecific [32] protein-protein interactions 
resulting from charge neutralization. Coagulation is defined as 
aggregation at the primary interaction energy minimum (Figure 3), and 
flocculation as aggregation at the secondary minimum [32]. 
The acid precipitation of proteins, i.e., aggregation by charge 
neutralization,: may occur at the primary energy minimum, at the secondary 
or even more likely simultaneously at both. Therefore, it would be 
rather appropriate here to use the general term aggregation to describe 
the solid-phase formation during acidification of a protein solution. 
Stability of colloids 
The stability of a colloidal solution is determined [49,55,96] by the 
formation of the electrical double layer that prevents aggregation, and is 
opposed by the destruction of this double layer by addition of elec­
trolytes . 
Colloidal particles carry electric charges, the principle of electro-
neutrality requires the continuous phase surrounding the particles to 
have an equivalent charge of the opposite sign. Thus, a single particle 
immersed in a fluid should be surrounded by an electric double layer 
[49,55,96], The first layer is formed by the 'surface' charge of the 
particle, the second by the oppositely charged ions in the solution. 
The solution side of the electrical double layer is composed of two sub­
layers: 
1. The Stern layer is closer to the particle surface and 
contains the counterions moving with the particles [55, 
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63,64,65,66,79,96,98]. The major portion of the drop 
in electrical potential occurs across this layei; 
2. The Gouy-Chapman diffuse layer extends further into the 
solution and the drop in electrical potential across 
this layer is called ^-potential [55,63,64,65,66,67,79,96, 
98]. 
The electrostatic charges on the surface of the particles establish 
repulsive forces that stabilize the colloidal system. 
As may be expected, the attractive London-van der Waals forces 
are also important in determining the solution stability [63,64,65,66, 
67,79,96,98],, Figure 3 shows the curve of the interaction energy 
between a pair of colloidal particles; the effect of electrolyte concen­
tration is also shown [79]. The resulting interaction energy curves were 
first calculated by Verwey and Overbeek in Holland and independently 
by Derjaguin and Landau in Russia [Void and Void, 98]. The theory behind 
these calculations is known as DLVO-theory. 
Complete discussions on stability as well as aggregation of colloids 
may be found elsewhere [34,48,49,55,63,64,65,66,67,72,79,83,96,98]. 
Factors affecting stability Solvent, temperature, pH and ionic 
strength are factors that must be controlled during acidification processes, 
as they determine the stability of colloidal solutions. Here, we discuss 
pH and ionic strength effects as applied to aqueous solutions of soy 
proteins. Temperature is not discussed as it is held constant (25-30®C) 
during the acid precipitation. 
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o 
CO 
Së 
LU Ui 
Z Q£ 5kT 
DISTANCE 
Figure 3. Net potential energy of interaction between colloidal 
particles. Curve 7 - the attraction that exists in the 
absence of any repulsion. This corresponds to a high 
electrolyte concentration and rapid flocculatxon. 
Curves 6 to 1 - show, in that order, the effect of 
decreasing electrolyte concentration that leads to 
increasing double-layer thickness, and hence, longer 
range repulsing forces. Curve 3 - the barrier of about 
15 kT would impart considerable stability to the 
dispersion. Curve 4 - slow flocculation would take 
place. Curve 5 - flocculation would be rapid [79] 
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pH The pH at which the protein molecule has no net charge 
is called the isoelectric point or isoelectric pH (IpH). In general, 
proteins are soluble at alkaline (negatively charged) and acidic 
(positively charged) pH's, and have minimum solubility at the IpH. 
Circle.[l6] and Smith and Circle [8l] determined the solubility of soy 
proteins by measuring the nitrogen extracted from a soy meal at a given pH. 
They found that the minimum solubility (pH 4.2-4.5) was not affected by 
the acid or hydroxide used, but at extremes of pH the solubility was 
affected, particularly on the acid side. Grabenbauer [28] determined 
solubility by measuring the amount of protein precipitated (from soy 
flake extract) at a given pH (HCl)j minimum solubility (maximum precipi­
tation) was found at pH 4.9. Virkar et [97] by a similar method 
(from soy flour extract, HgSO^) found minimum solubility at pH 4.5. 
These variations should be the result of different degrees of modification 
of the proteins associated with source and method of insolubilization. 
The acidification of soy proteins is often referred to as isoelectric 
precipitation, a name loosely used here, as the minimum solubility pH does 
not necessarily represent the Ii^î of any of the individual soy proteins. 
Ionic strength Protein in solutions may be precipitated 
by addition of salts, a phenomena known as salting out (which is generally 
performed at pH's far removed from the IpH). 
Addition of small concentrations of salts to protein solutions 
decreases the Ç-potential; fur the:.' addition of salts results in the 
removal of the stabilizing hydration layer [49]. Therefore, salts 
successively remove the two stabilizing factors of the protein solutions. 
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Circle [l6], and Smith and Circle [8l] found that salts increased the 
solubility of soy proteins near the IpH, but descreased it under acidic 
or basic conditions. 
7S globulins dimerize into 9S species and IIS globulins form 
association polymers upon reduction of ionic strength from 0.5 to 0.1 
at pH 7.6 [45,76,100], conceivably due to electrostatic associations 
[45,76]. Further reduction of ionic strength to 0.001 dissociates IIS 
globulins into two half 7S molecules [45,100]. Salt stabilizes the 
quaternary structure of both proteins [24]. 78 globulins are stable 
at pH 2.0 and 0.1 ionic strength, but dissociate into 2S and 5S 
globulins as ionic strength is reduced to 0.01 [47,76,100], Salt 
reduces but does not prevent dissociation of IIS globulin [32] under 
acidic conditions. This protein dissociates into subunits even at 
neutral pH in the absence of salt [32]. At alkaline pH sodium chloride 
(0.5M) prevents dissociation of 7S globulins up to pH 10.5 [32]. 
Aggregation 
The acidification of protein solutions destabilizes the system 
by compressing the diffuse layer of the double layer as a result of 
changing the surface charge, i.e., the ^-potential decreases and particles 
in solution may come close to one another, so London-van der Waals 
attractive forces may become effective. 
Aggregation in a motionless fluid is usually referred to as 
perikinetic, and that in an agitated fluid as orthokinetic [43,44]. The 
early theories of aggregation kinetics were developed by von Smoluchowski 
[20,43,52,96] who derived the equations for rapid aggregation (i.e., each 
15 
collision results in aggregation) of colloidal particles in motionless 
and uniform shear flows. But the application of these equations is 
limited as in most practical cases the motion is turbulent [1,2,12,20, 
42,44,52,69]. 
Collision frequency In an aqueous system, the Kolmogoroff's micro-
scale of turbulence, r], is about 50 |zm for a root-mean-square velocity 
gradient, V^, of 500 sec ^  [69]. Soy protein aggregates from a stirred 
tank reactor (80 < < 330 sec are smaller than 20 |j,m [7,28,97]. 
Therefore, it is enough to consider the viscous dissipation subrange. 
The derivation of the turbulent aggregation equation that follows is 
based on that of Levich [52]. The rate of collisions between diffusing 
particles may be calculated by evaluating the diffusional flux of particles 
toward a sphere of influence whose radius is equal to the collision radius 
of two particles [2,12,43,52]. Consider a suspension of spherical 
particles that fulfills the conditions: 
1. The collision radius, R^j, of the particles is small in 
comparison to the Kolmogoroff's microscale, so it may be 
assumed that the particles are transported by isotropic 
turbulence. 
2. There is complete entrainment of the particles within the 
turbulent eddies. This is justified if the density of the 
particles and the density of the liquid are about the 
same, which is true for this system. 
3. The eddy scale influencing the contact between suspended 
particles is approximately the separation distance of these 
16 
particles. 
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Let N be the average concentration (#/cm ) of i-particles suspended 
in the turbulent stream. Assume that the diffusion of these particles 
occurs toward a sphere of radius R^j, whose center coincides with the 
center of a j-particle, such that the distribution of N may be 
characterized by the diffusion equation [52] 
3; ) = 0 (2-1) 
The boundary conditions are [2,12,43,52,95]: 
1. N = 0 at r = ( = r^ + r^). As every collision leads 
to aggregation at the surface of the collector (j-particle) 
the concentration in the liquid side is zero; 
2. N = as r -• 00. At a great distance the particle 
concentration is unaffected and is constant at its 
original value. 
The coefficient of turbulent diffusion may be related to quantities 
that characterize turbulence, such that [19,36,52]. 
= u^^ (2.2) 
or , X < Ti (2.3) 
Substitution of Equation (2.3) into Equation (2.1), replacing Z by r, and 
integrating gives 
AgV^r'^ ^  = const , r < ti (2.4) 
For the flux, across the surface R^^ we have 
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~ ' B-j < n (2.5) 
The total number of encounters per unit time is 
h^. = IZAgTTVgR^jNj^Nj , R^j < n (2.6) 
Alternative ways to derive Equation 2.6 may be found in the liter­
ature [2,12,43,77]. Of these, the most common consists in the evaluation 
of the collision rate for uniform shear flows; the results for turbulent 
motion are obtained by substitution of the 'mean square velocity gradient' 
for the velocity gradient. Delichatsios and Probstein [20] noted that 
Equation 2.6 may predict a value larger by approximately an order of 
magnitude for the aggregation rate; they attributed this to the inability 
of the steady diffusion model to describe the non-Markovian motion of 
particles in turbulent dispersions. Abrahamson [l] suggested that 
Levich's model may be inadequate to describe the diffusion of similar 
particles. 
For our purposes, it is enough to introduce a correction factor 
in Equation (2.6) as the functional form of the aggregation rate is the 
same as obtained by a more rigorous treatment. Then, Equation (2.6) 
modifies to 
-=• 1 (2-7) 
Complete discussions on aggregation phenomena may be found elsewhere 
[8,11,30,41,43,56,67,85,86,96,99]. 
Breakup 
As the velocity gradients promote aggregation by facilitating 
the collisions between particles, they may also promote breakage through 
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dynamic pressures and viscous stresses present in thg fluid. Aggregate 
breakage may occur through the following mechanisms: 
1. Bulgy rupture resulting from dynamic pressures occurring 
in irregular flow [35,91]; 
2. Erosion of primary particles and/or fragmentation by 
hydrodynamic shear [27,69j; 
3. Fragmentation by viscous drag [35]; 
4. Collisional fragmentation [27]. 
Hinze [35] described the three basic types of globules deformation 
and the flow patterns causing them; forces controlling deformation and 
breakup were described by two dimensionless groups. Thomas [9l] 
developed a rate equation for breakup of floes as a result of dynamic 
pressure differences on opposite sides of the floe. Valentas and Amundson 
[93] and Valentas _et £1» [94] used a statistical approach to describe drop­
let breakage. Spielman [84] and Pandya and Spielman [68] used an analogous 
approach to describe the rate of floe breakup by two distinct modes: per­
iodic splitting and continuous erosion of microparticles. Argaman and 
Kaufman [2] suggested that surface erosion of primary particles by turbulent 
drag was the dominant mode of breakup. They proposed that the rate of 
primary particle erosion should be proportional to floe surface area, 
surface shear, primary particle size and mean velocity fluctuations. Parker 
et al. [69] considered surface erosion in both the inertial and viscous dis­
sipation subranges. Using a force balance on the floe they developed 
equations for the maximum stable floe size as well for the rate of erosion; 
they also considered 'filament fracture* by tensile failure to yield two 
floe fragments. Matsuo and Unno [57] reviewed the model proposed by 
19 
Parker [69] and suggested that surface shear brought by the 
difference in deformability rather than by difference in density between 
surrounding fluid and floes is responsible for floe breakup? but this 
model was criticized by Clark [l8] and Parker [70]; Parker [70] showed 
that his earlier theory is capable of explaining the later experimental 
results. Ramkrishna [73] and Narsimhan et al. [60] used experimental 
cumulative volumetric drop-size distributions from batch vessels to 
construct breakage functions. Molag et [59] studied droplet fragmen­
tation, and also developed breakage functions. Tomi and Bagster [92] 
calculated maximum aggregate size as function of power dissipation and 
stirrer speed; their results are similar to those of Parker et al. [69]. 
Glasgow and Luecke [27] developed equations for collisional fragmentation 
and shear breakup. Grabenbauer [28] empirically accounted for breakage 
of soy protein aggregates. 
Not all the aspects of the above work apply to this protein system. 
The ones that do apply will be further developed in Chapter III. 
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CHAPTER III: KINETICS OF PROTEIN AGGREGATE GROWTH AND BREAKAGE 
The kinetics of protein precipitation has been investigated in tank 
and tubular reactors. Grabenbauer and Glatz [29] calculated kinetic 
parameters for isoelectric precipitation of soy protein in a continuous 
stirred reactor; Virkar ^  al. [97] studied acid precipitation in a 
tubular reactor; Hoare [37,38] investigated precipitation of casein by 
salting out in a continuous flow, helical ribbon stirred reactor; Bell 
and Dunnill [7] studied the stability under capillary shear of isoelectric 
soy aggregates from a stirred tank reactor. The particle size distri­
bution (PSD) has been modelled using the theory of orthokinetic floc-
culation of colloidal particles [7,29,37,38,97]. Grabenbauer and Glatz 
[29] modelled PSDs using population balances analogous to the ones employed 
in crystallization [75] and empirically accounted for growth and breakage 
of aggregates. Here,, we extend that model by providing a mechanistic 
basis for the growth and breakage terms. 
The precipitation of proteins may be viewed as a two-step process: 
1. Protein molecules in solution are destabilized during 
the acidification as a result of altered surface charge. 
Protein molecules come together by Brownian diffusion until 
all the protein from the surrounding solution has been 
precipitated. The units formed during this stage are 
called primary particles. The molecular units forming 
the primary particles can be unassociated proteins or 
oligomers as the globular proteins often exist in associated 
form. Any dénaturation associated with the pre-precipitating 
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and precipitating stages will change these colloidal units. 
2. These primary particles then aggregate as a result of 
turbulent diffusion. Collisions may happen between particles 
of any size (Equation 2.7), but not all of them are 
equally effective. Light and SEM microscopy [29,51] have 
shown that soy protein aggregates are formed by distinct 
small particles. Primary particles of micron size [97] or 
smaller [29] have been reported for soy protein aggregates. 
Primary Particles 
Primary particles may be defined as the dense units resulting from 
the rapid removal (via Brownian diffusion) of protein from the solution. 
The formation of primary particles is a rapid process (~ 10 sec) 
[71,96] governed by the stability ratio, w 
This ratio is a function of [96] size of particles, surface potential, 
concentration and valency of electrolyte. 
The scale at which the formation of particles by Brownian diffusion 
gives way to transport of formed particles by turbulent diffusion (the 
mechanism of aggregation) can be estimated as the size, L^, where the 
coefficients of Brownian and turbulent diffusion of the particles are 
equal. This size is given by [52]. 
The size of a primary particle would be expected to be on the order of 
w = 2 ^ %v/kT (3.1) 
= (kT/SAgTtlVg)!/^ (3.2) 
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Growth of Aggregates 
Aggregate growth is viewed as proceeding by addition of submicron 
particles to a growing aggregate as a result of both Brownian and 
turbulent motion. All primary particles initially formed are potentially 
the starting points of aggregation, but not all of them will become 
a growing aggregate. Here, we will propose a critical size, L^, for 
"nucleation" that is somewhat larger than the primary particle size. 
Particles smaller than will be viewed as capable of adding to growing 
aggregates in the same fashion as primary particles. The entire process 
may be represented by 
^0 + 0 ii£5Eed_surfaçe_çharge^ Q 
entirely I decrease in Ç potential ^ 
Brownian | *^2 ^ ^ " ~~ " 
+ 0 O^(L^-particle) 
Transition ^ 0 + 0* 0 0' (L — 
Turbulent % % particle) 
Turbulent [ 0^0^ + 0^ aggregate growth 
Because of the relatively small volume of primary particles, growth can 
be approximated as continuous. 
Growth rate 
A growth rate equation may be derived based on the above mechanism. 
From Equation (2.7) for collisions between L^-particles (i=l) and 
aggregates (j=a), we have 
b^g = (A/8)VgL\^Ng , (3.3) 
The rate of change of the volume, V^, of a spherical aggregate can be 
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written 
W = dC ( % i') = (3.4) 
The rate of change of due to addition of primary particles, is 
dV b. Y. , , 2 
^ ^ = U/8)V^L\VI (3.5, 
a 
Combining Equations (3.4) and (3.5) with the definition of a linear 
growth rate gives 
G = -^ = (A/4TT)Vg(N^V^)L = K^L (3.6a) 
where = (A/4TT)V„ S (3.6a') 
g 
A size independent collision efficiency equal to one was assumed. 
The efficiency of collision may be a function of size (i.e., 
primary particle-large aggregate collision may be less effective than 
primary particle-small aggregate collision). To incorporate this 
effect. Equation (3.6a) may be modified to 
G = KL^ , a < 1 (3.6b) 
Equation (3.6b) is analogous to some growth rate expressions used in 
crystallization literature [75]. 
Grabenbauer [28] and Hoyt [40] used an empirical size-independent 
linear growth rate to account for aggregation. 
Growth as a result of collisions between aggregates is assumed 
negligble on the basis of Grabenbauer's preliminary macroscopic obser­
vations [29], the observed lower efficiency of collision between two 
larger particles in other systems [95], and the expected fragility of 
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the products of such collisions where the points of attachment will be 
few. A term could be added to account for such a growth mechanism, 
but the present results did not require it. 
Breakage of Aggregates 
Before discussing breakup, let us define a property of an aggregate 
that we shall call yield stress, (j^^. The aggregate strength can be 
characterized as the force/area joining two planes within the particle. 
The yield stress arises from a balance between the forces that are 
responsible for the structure of the aggregate. Conceivably, an aggregate 
may be disrupted when the fluid forces acting on it exceed the yield 
stress. 
Let us now define a diraensionless quantity, the force number, by 
_ force acting on the aggregate (3.7) 
force force binding the aggregate 
The rate of breakage of aggregates should be determined by; 
1. The quantity 
2. The frequency, f, of occurrence of a force number larger 
than one; 
3. The concentration of aggregates expressed as number 
concentration, N, or number density, n. 
A possible equation for the rate of breakup is 
» = "^Xoroe (3-*) 
The frequency, f, may be conveniently represented by the eddy frequency 
(since the eddies are the disturbing forces), which is given by [36,52] 
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f ~ Ug/J = AgV , <E < T] (3.9) 
Force number and mechanisms of breakage 
Bulgy rupture The force acting on the aggregate is given by; 
the pressure fluctuation over a distance equivalent to its diameter. 
The fluctuations of the dynamic pressure are related to the velocity 
fluctuations by [36] 
P' = AgpUgZ = , L<T1 (3.10) 
The force number becomes 
"foroe.p = ' '•<1 ".ID 
Erosion of primary particles Disruption of aggregates by 
hydrodynamic shear is a result of local motion of the fluid relative 
to the particle, which is a function of the eddy scale influencing 
the aggregates. Eddies of a scale approximately that of the aggregate 
diameter would impart the maximum relative velocity and surface shear 
[69]. 
A force balance on a spherical aggregate gives the shear force on 
the aggregate surface. Only the final result is given here; for a 
complete derivation the reader may refer to Levich [52], Parker ^  al. 
[69],-Hinze [35] among others. 
Tg = (3/TT)A^^ (pg-p)L^ , L < Ti (3.12) 
Hence, the force number is 
^force,E ~ (3/Tr)A^^ (pg-p)L^/ayg , L < (3.13) 
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Local shear Shear caused by density difference is not a likely 
mechanism for the size and density of aggregates considered here. More 
important are the local shear fields that a particle entrained in an 
eddy would encounter. This mechanism is not usually considered; however, 
these protein aggregates are smaller than the Kolmogoroff microscale 
of turbulence, a size where such a mechanism could be important [35]. 
Since the region of interest is within the dissipation range, the shear 
stress would be given by 
'a.local = '"'e (3-14) 
The force number then becomes 
^force,local ~ I^V^ya (3.15) 
Collisional fragmentation The rate of aggregate disruption at a 
given size should be proportional to the collision frequency of those 
particles. Collisions involving particles of widely disparate sizes 
would generally not produce sufficient mechanical energy for disruption 
[27]. For the dilute conditions used in these experiments, this 
second order mechanism was neglected. 
Comparison of breakage mechanisms 
Bulgy rupture vs erosion Comparison of Equations (3,10) and (3.12) 
shows (3.16) 
•'a Pa-P 
if pg « p =» P* » Tg . 
Thus for the system under consideration, the contribution of shear as a 
result of relative motion due to density differences can be neglected. 
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Bulgy rupture vs local shear Comparison of Equations (3.10) 
and (3.14) gives 
^ ^ ^ (3.17) 
Hence, for p' to be comparable to r. i» the aggregate would have 9 f L0C3 J. 
to be as large as the Kolmogoroff's scale, a condition certainly not 
found during protein aggregation. Such a comparison must assume 
comparable disruption frequencies. 
Death rate 
From Equations (3.8), (3.9), and (3.14), the death rate is 
D = AjAzVgQiVg/Oya)* n (3.18) 
For aggregates of uniform structure, the yield stress should be a 
constant, i.e., it is not a function of particle size. For this case. 
Equation (3.18) may be written as 
D = k'n (3.19) 
It is, however, more realistic to consider the size-dependence of 
the yield stress, as a non-uniform structure is generally obtained 
during the aggregation process. Irregularity may tend to increase with 
size causing loss of strength because of reduced cross-sections at some 
locations. Tambo and Hozumi [88] have shown that strength and density 
of an aggregate are directly related quantities, and that density decreases 
with volume. Thus, the yield stress may be related to the volume of an 
aggregate by 
CTyg ~ (k^L^)"^" (3.20) 
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where 6" can be any real positive number. The force number becomes 
"force ' (3-21) 
Therefore, 
D = A^A^Vg(nVg(k^L^)^")^n (3.22) 
or, D = k"LXn (3.23) 
where k" = A^A^Vg((iVg(k^ )^ , and y = 3ôô" (3.24) 
Assuming the yield stress to be inversely proportional to volume 
(i.e., Ô" = 1), and taking the death rate directly proportional to the 
^force' Equation (3.24) modifies to 
D = kL^n (3.25) 
where 
k = (3.25a) 
Equation (3.23) has the form of the empirical breakage function 
proposed by Randolph [74], and used by Grabenbauer [28], 
Birth rate 
To incorporate birth into a balance equation, in the absence of 
data on fragment size, a distribution function must be postulated. 
Multiple fragmentation may always, no matter how severe fractures are, 
be approximated by a sequence of two-body death and birth events [75]. 
Figure 4 shows how multiple birth occurs as the fluid element contain­
ing the daughter fragments continues to thin, and the particles are caught 
in the continuing shear field. 
Among several possible distributions, the simplest case is to assume 
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Figure 4. Sequential breakage of protein aggregate by hydrodynamic shear 
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that the aggregates are reduced to primary particles. This model is 
based on the concept of 'thorough' breakage [60]. It is not unreason­
able based on the argument presented in Figure 4, and fitted the 
experimental data. Under other conditions (maybe resulting in a different 
aggregate strength) a different distribution may be required. 
Population Balance 
The solution of a general population balance equation may be used 
to extract kinetic information from experimental measurements of 
particle size distribution. The population balance for the continuous 
stirred tank reactor involves the following assumptions: (1) 
perfect mixing; (2) no classification at withdrawal; (3) no particles 
in the feed solutions; (4) uniform shape factor; (5) constant suspension 
holdup volume. The population balance for particles larger than or 
equal to the nuclei size, L^, describing the proposed aggregation 
mechanism is: 
+  D  =  0  ,  L > L „  ( 3 . 2 6 )  
subject to n(0,L) = n°(L) and n(t,L^) = n^(t). 
Substituting Equations (3.6a), (3.6b) and (3.23) into (3.26) 
at steady-state, results 
case (i): linear growth rate 
case (ii); power-law growth rate 
31 
The solutions are 
case (i): 
"T exp [-e^a^-L^)] , L > (3.29a) 
case (ii): 
f- = ( ^  «CP c-6ia^-='-Li-=) - e^C LV-^-'^-Lf, 
o 
L > L_ (3.30a) 
— o 
where 0^ and are given in Table 3. 
Table 3. Kinetics parameters for protein aggregation 
Growth Breakage ®1 ^2 
Equation 
no break 1 0 (3.29b) 
V 
k'n 1 0 (3.29c) 
k-'L'^n 1 
k" 
(3.29d) 
no break 1 0 (3.30b) (1 -a)Kr 
KL® k'n 1 (1-a) [ Kf + K ] 0 (3.30c) 
k"L'^n 1 
k" (3.30d) 
-
(1 -a)Kr (y-a+l)K 
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CHAPTER IV: MATERIALS AND METHODS 
A continuous stirred tank reactor is widely used to obtain informa­
tion in crystallization, precipitation and related operations [74], In 
the present work, the effects in the particle size distribution of changes 
in feed concentration, pH, ionic strength, mean residence time, and power 
input were investigated. 
The initial experimental plan was a complete randomized design with 
factorial arrangement of 3x3x2, given by three levels of mixing (150, 
250, and 350 rpm), three levels of protein feed concentration (300, 400, 
3 
and 550 (j.g/cm ), and two levels of mean residence time (12.5, and 14.5 
min.) 
The operating pH was fixed at 4.30 based on preliminary experiments. 
3 
Fifty cm of protein extract were titrated to various pH's 
(4.20-5.20) by gradual addition of approximately O.lN HCl. The solutions 
were allowed to rest for 30 min, filtered through #41 Whatman paper. 
Protein concentrations were determined in the permeates. A broad 
minimum was found for the solubility, but precipitates formed at low 
pH (i.e., pH 4.30) were observed to settle down more quickly than those 
formed at higher pH (i.e., pH 4.90). 
Later a decision was made (based on the results obtained for 
Experiments 1 to 6) to modify the experimental plan, so as to include 
experiments at different pH*s. Only the experiments listed in Table 
4 were performed. 
Continuous flow experiments, listed in Table 4, were carried out 
in a continuous stirred tank reactor at 25 + l°Cj batch experiments 
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were done at room temperature (20 + 2°). 
Assays 
Protein concentrations were determined by the standard AOAC 
[3] Kjeldahl nitrogen determination; a factor of 6.25 was used to 
convert nitrogen to protein. 
Protein Extract 
The extractability of soy proteins is influenced by source (flakes 
or flour), particle size of flour, previous thermal history and age 
of meal, solvation ratio, temperature, pH, and ionic strength of 
extractant [17,45,62,81,82]. To avoid the effects of extraction condi­
tions on the aggregation processes, the protein extractions for all 
experiments were carried out at the same conditions. 
Fifty grams of defatted soybean flakes (Nutrisoy 7B, Archer 
3 
Daniels Midland) were extracted using 500 cm of pH 11.8 + 0.2 NaOH. 
The slurry was stirred at maximum mixing speed for 30 rain on a magnetic 
stirrer (Flexa-Mix, Fisher Scientific Company). The suspension was 
filtered through four layers of porous cotton-cloth filter. The 
permeate containing the water-extractable protein (approximately 35 rag 
3 
of protein/cm ) was centrifuged at 10,000 rpm for 30 min in a Sorvall 
RC-5 centrifuge. The pH of the protein extract varied from 9.0-9.6. 
Table 4. Summary of experimental conditions 
Run Number Stirrer RexlO"^ Vg 
(8-1) 
Ll r PH 
Speed 
(rpm) ((im) (min) 
1 348 21 330 0.16 12.87 4.30 
2 235 14 183 0.19 12.62 4.25 
3 252 15 203 0.19 14.41 4.36 
4 160 9 99 0.24 12.57 4.31 
5 234 14 ' 182 0.19 12.67 4.32 
6 152 9 95 0.24 12.58 4.88 
7 250 15 201 0.19 12.32 4.34 
8 353 21 337 0.16 12.64 4.32 
9 152 9 95 0.24 13.13 4.92 
10 148 9 92 0.24 12.52 4.33 
11 150 9 93 0.24 12.50 4.90 
12° 136 a 81 0.25 13.23 4.88 
^Separation by centrifugation only. 
^Separation by centrifugation followed by filtration. 
^Ageing experiments were also performed. 
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PFS 
NaCl 
AFS 
PFS 
Cone. 
3 (mg/cm ) 
Protein 
Recovery 
(%) 
O.IOM O.IOM 0.562 51.4* 
O.IOM O.IOM 0.263 56.0® 
O.IOM O.IOM 0.421 53.1® 
O.IOM O.OIM 0.384 —  —  
— 0.20M 0.604 
— 0.20M 0.308 
— 0.20M 0.384 46.8® 
— 0.20M 0.368 56.5^ 
— —  0.20M 0.394 63.5^ 
— 0.20M 0.564 51.8^ 
— 0.20M 0.559 68.3b 
— O.IOM 0.537 75.1^ 
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Solutions 
Protein feed solution (PFS) 
3 
The desired volume of protein extract (150, 200, or 300 cm ) was 
3 3 
diluted to 20,000 cm with distilled water and 10 cm of 0.18M NaOH. 
The pH of the final solution was 8.90-9.10. The suspension was filtered 
3 
with a 0.45 (j;n Pall HDC-BP filter at a rate of approximately 168 cm 
per min. The protein feed solution was used within 2 to 3 hours. 
Protein solution for batch experiment 
3 3 
Fifteen cm of protein extract was diluted to lOOO cm with 
3 
distilled water and 0.5 cm of 0.18M NaOH. The resulting pH was 8.50. 
Acid feed solution (AFS) 
Hydrochloric acid was used to precipitate protein from the aqueous 
solution. The acid solution was prepared by diluting an appropriate 
volume (deten)j,ined by titration) of O.IN HCl to 20,000 cm^ with distilled 
water, so that equal volumes of acid solution and protein solution 
brought the pH of the final mixture to the desired value (pH 4.3 or 
4.9). The final NaCl concentration of 11.7 g/l (O.M.) was attained 
either by adding all the salt to the acid feed or dividing it between 
protein and acid feeds. The latter protein feed solution will be called 
"high ionic strength PFS" or H-PFS. The NaCl concentration was chosen 
to eliminate noise in the Coulter Counter measurements. For experiment 
12, 117 g of NaCl was used in the acid with none in the protein solution. 
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Apparatus and Measurements 
Batch reactor 
3 
The batch reactor was a 150 cm glass beaker. The solution was 
stirred with a magnetic stirrer (Flexa-Mix, Fisher Scientific Company). 
3 
Fifty cm aliquots of protein solution were titrated to various pH's 
(4.97-4.26) by gradual addition of ~ O.OOIN HCl. The pH was checked 
2 rain after stopping the stirrer. The (-potentials of these particles 
were determined. 
(-potential measurements A Lazer Zee Meter Model 500, 
(-potential Instrument (Pen-Kem Inc.) was used. The precipitated samples 
were shaken, and the required amount of suspension was transferred to 
3 
the sample compartment with a 100 cm syringe. The (-potential was 
measured as quickly as possible to avoid heating and settling. 
Continuous reactor 
The continuous stirred tank reactor used is shown in Figure 5, and 
described in detail in reference [28]. 
3 
Particle size distribution Two to four cm of sample were 
pipetted (Oxford macroset automatic pipette) from the reactor and diluted 
3 
to 200 cm (to ensure concentration index below 0.05 in the Coulter 
Counter and prevent further growth) in sodium acetate buffer (filtered 
continuously for over 24 hours) at the lil and ionic strength of the 
suspension in the reactor. The PSD was determined using a Coulter 
Counter model TA II equipped with a 70 (xm diameter aperture tube. The 
Counter was calibrated with standard latex particles (3.14 or 2.02 p,m). 
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Figure 5. Continuous stirred tank precipitator system [28] 
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The lower bound of particle diameter was 1.59 (j,m. Samples were taken 
at three times after steady state was attained, and three or more counts 
were done for each sample. The mean of all measurements was corrected 
for background counts, counting volume, and sample dilution. This 
corrected mean was used for modelling and in the PSD plots. 
3 
Protein recovery Three samples of 20 to 25 cm were withdrawn 
from the reactor and centrifuged for 30 min at maximum (> 2000 rpm) 
speed (International Clinical Centrifuge, International Equipment Co.) 
Kjeldahi nitrogen determinations were done on the supernatants and 
precipitates (experiments 1 to 7). To check for incomplete solids 
removal by centrifugation (experiments 8 to 12) the supernatants were 
filtered through a Nucleopore 0.2 fim polycarbonate filter. Nitrogen 
determinations were done on the permeates and the precipitates (solids 
from centrifuge plus solids retained by filters). Solids were transferred 
3 
from centrifuge tubes to Kjeldahl flasks with 1 cm of 0.18M NaOH. -, 
Ageing of aggregates After the three steady state samples were 
taken, the inlet and outlet streams were closed and the aggregates were 
aged for up to 132 min, with the same conditions of pH and agitation as 
in the precipitation step. 
Mean velocity gradient The mean velocity gradient, V^, was 
estimated using a correlation for a six-blade fan turbine impeller 
[4,58], and the equation = (Power/(j, volume) 
An attempt was made to directly measure the power input, and to 
obtain the mean velocity gradient. A voltmeter (177 Microvolt DMM-
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Keithley) was attached to the constant mixing speed control unit (Model 
4420, Cole-Parmer Instrument Company). The electrical potential difference 
was measured for several mixing speeds both with the reactor filled 
with protein solution (prepared as in Protein solution for batch 
experiment), and with the reactor empty. The power was calculated as 
the difference in the millivolt readings times the intensity of current. 
The measured power input was smaller than the estimated values. 
The measured value was expected to show a cubic power dependency on the 
stirring speed, but this was not the case. The likely explanation is that 
the device and/or technique used was not sensitive enough to measure the 
small quantities involved. Therefore, only the estimated values will 
be considered. 
Kinetic Parameters 
The parameters 9^ and of Equations (3.29b,d) and, (3.30b,d) were 
obtained by least square fitting (using SAS- Procedures) of experimental PSD 
to Equations (3.29a) and (3.30a). Population densities for particle 
diameters of 1.80 to 9.04 (xm mean size were used. 0^ and were 
calculated for several values of the breakage parameter y and of the 
growth parameter a. 
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CHAPTER V: RESULTS AND DISCUSSIONS 
Protein recoveries, estimated mean velocity gradients, and L^-values 
(.Equation (3.2)) for the continuous runs are shown together' with exper­
imental conditions in.Table 4. 
Ç-potential 
Soybean protein aggregates have zero charge at pH 4.86 (Figure 5), 
this is consistent with the solubility studies of Grabenbauer [28] who 
found minimum solubility at pH 4.90. ^-potential increases almost 
linearly with decreasing pH. The considerably higher potential observed 
at pH 4.30 may explain the low protein recovery for experiments conducted 
at this pH (Table 4) compared to results at pH 4.90. 
1 
LU 
-10 
-20 
4.20 4.40 4.60 4.80 5.00 
pH 
Figure 6. Ç-potential of soybean protein aggregates 
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Kinetic Parameters and Experimental Conditions 
Tables 5 to 8 contain values of the rate constants k, K^, and K 
for the various experiments. The results also appear in Figures 6 to 
13 and include comparisons among models. 
It is apparent from Tables 5, 6, and 7 and Figures 7 and 8 that 
a breakage term is needed in the model. Comparison of correlation 
coefficients shown in Table 5 demonstrates the improvement obtained 
by including breakage in the population balance. The same result is not 
clearly seen from Tables 6 to 8. In this case, if breakage is omitted 
a good fit is obtained for negative values of the growth rate parameter 
£% But a negative value of this parameter indicates a decrease in growth 
rate of larger particles. The model circumvents the loss of the required 
breakage term by lowering the growth rate of larger particles, thus 
giving a similar net effect. Inspection of Figures 7A, 7C, 8A, and 8C 
demonstrates that the no-breakage model with either type of growth 
kinetics indeed explains the experimental results poorly. For the 
linear growth rate (Equation (3.6)), the model does not explain the central 
portion (3.5 < L < 6.5 (jjn) of the PSD. For the power-law growth kinetics 
(Equation (3.6b)) negative values of the parameter £ predict a decrease 
in the number of small aggregates (L < 2.0 |im), a condition not possible 
for the steady process where larger particles appear only by growth of 
the smaller. 
Figures 9 and 10 compare the effects of £ and y on the rate constants 
K^, K, and k. As the breakage power increased, both and k (Figure 9) 
decreased, the relative changes being larger for the death rate constant 
as shown by the decrease in the ratio of the death to the growth rate 
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Table 5. Estimated parameters for G = K^L, and D = kL^n 
No break y ~ 3.0 
K X 10 K 10 k X 10^ k/K X 10^ R^ 
Run 
0 0 0 
Number (min (min (fim'^min (Lim'Y) 
5 0.1895 0.85 1.200 3.286 27.3 0.9999 
6 0.2670 0.90 1.016 1.742 17.1 0.9998 
7 0.2055 0.85 1.136 2.869 25.2 0.9979 
8 0.1986 0.83 1.897 5.285 27.9 0.9947 
9 0.3221 0.90 1.374 1.944 14.1 0.9939 
10 0.2067 0.95 0.5659 1.084 19.2 0.9989 
11 0.3230 0.90 1.239 1.772 14.4 0.9998 
12 0.2574 0.93 2.217 4.498 20.4 0.9997 
Y = 3.5 
5 0.7446 0.7246 9.8 0.9996 
6 0.7683 0.4676 6.0 0.9995 
7 0.7373 0.6581 9.1 0.9961 
8 0.9292 0.9120 9.8 0.9917 
9 1.0090 0.5090 4.9 0.9993 
10 0.4689 0.3176 6.7 0.9978 
11 0.9377 0.4772 5.3 0.9999 
12 1.1774 0.8465 7.2 0.9989 
Y = 4.0 
5 0.5808 0.2008 3.4 0.9987 
6 0.6503 0.1405 2.2 0.9988 
7 0.5847 0.1844 3.2 0.9939 
8 0.6734 0.2329 3.4 0.9883 
9 0.8419 0.1513 1.8 0.9994 
10 0.4160 0.0996 2.4 0.9965 
11 0.7940 0.1437 1.8 0.9996 
12 0.8727 0.2225 2.5 0.9976 
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Table 6. Estimated, parameters for G = KL^ no-breakage 
a = 0.40 a = 0.20 a = -0.40 
K X 10 R2 K X 10 R2 K X 10 R^ 
Run 
Number rain rain mxn 
5 0.5675 0.91 0.4900 0.94 1.145 0.99 
6 0.5125 0.95 0.6570 0.97 1.500 0.99 
7 0.4077 0.92 0.5272 0.95 1.228 0.99 
8 0.3920 0.90 0.5063 0.93 1.176 0.99 
9 0.5934 0.94 0.7532 0.97 1.679 0.99 
10 0.4141 0.96 0.5368 0.98 1.258 0.99 
11 0.6008 0.95 0.7643 0.97 1.713 0.99 
12 0.2092 0.91 0.3566 0.95 1.414 0.99 
5 
5 
7 
8 
9 
10 
11 
12 
5 
6 
7 
8 
9 
10 
11 
Estimated parameters for G = KL^, and D = kL^n 
a = 0.80 a = 0.60 
K X 10 k X 10^ K X 10 k X 10^ 
(jim^ ^min Cjini min ) ^min /• 3 - ~1\ (pw min ) 
0.9437 1.6706 0.9999 0.8761 0.9815 0.9999 
0.9000 0.9817 0.9997 0.8838 0.5948 0.9997 
0.9171 1.4852 0.9968 0.8612 0.8729 0.9968 
1.1841 2.1261 0.9919 1.0057 1.1387 0.9919 
1.1289 1.0237 0.9980 1.0645 0.5996 0.9981 
0.5656 0.6745 0.9985 0.5970 0.4280 0.9989 
1.0600 0.9655 0.9998 1.0208 0.5727 0.9997 
1.3841 1.8154 0.9993 1.1728 0.9716 0.9993 
a = 0.40 a = 0.20 5; 
0.8874 0.6131 0.9999 0.9505 0.3917 0.9999 
0.9241 0.3686 0.9997 l.OOlO 0.2252 0.9995 
0.8778 0.5402 0.9972 0.9437 0.3386 0.9977 
0.9715 0.6750 0.9925 1.0101 0.4156 0.9934 
1.0848 0.3641 0.9978 1.1638 0.2192 0.9972 
0.6557 0.2690 0.9993 0.7424 0.1615 0.9997 
1.0540 0.3484 0.9995 1.1410 0.2081 0.9991 
1.1298 0.5736 0.9994 1.1715 0.3502 0.9995 
a = +0.40 
a = -0.40 NO BREAK NO BREAK 
c 
a = 0.80 
o EXPERIMENTAL 
- PREDICTED 
0 2 4 6 10 6 8 0 8 10 2 4 
L, ]im 
Figure 7. Predicted PSD for experiment 5; pH 4,32; 234 rpmj 0.604 mg/cm^ 
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NO BREAK 
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B 
D = kL^n 
G = KqL 
a = 0.80 
a = 0.60 
a = 0.20 
D = kL^n 
G = KL^ 
O EXPERIMENTAL 
— PREDICTED 
10 0 
L, vm 
10 
Figure 8. 
3 
Predicted PSD for experiment 12; pH 4.88; 136 rpm; 0.537 mg/cm ; OlOM 
NaCl final concentration. Figure 8D shows that decreasing the param­
eter a from 0.80 to 0.20 affects only the lower portion of the PSD 
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Figure 9. Effect of breakage parameter y, on rate constants 
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Figure 10. Effect of. growth parameter a, on rate constants. (A) growth rate 
constant; (B) breakage rate constant 
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Table 8. Estimated parameters for G = and D = kL^'^n 
Y = 3.5 y = 4.0 
Run 
Number 
k X 10 
(pm^'^min ^) 
k X 10^ 
((jjn min ^) 
R^ k X 10 
((im^'^min ^) 
k X 10^ 
(jim^min ^) 
R2 
5 0.7061 0.4405 0.9994 0.5945 0.1309 0.9983 
6 0.7523 0.2891 0.9993 0.6701 0.0908 0.9984 
7 0.7032 0.3990 0.9945 0.5989 0.1192 0.9918 
8 0.8124 0.5094 0.9881 0.6583 0.1444 0.9840 
9 0.9361 0.3006 0.9988 0.8300 0.0944 0.9989 
10 0.4963 0.2077 0.9973 0.4549 0.0668 0.9958 
11 0.8916 0.2868 0.9998 0.7970 0.0906 0.9994 
12 0.9976 0.4603 0.9981 0.8257 0.1341 0.9964 
constant (Table 5), An analogous trend was observed for the power-law 
growth kinetics (Tables 7 and 8). No effect on the predicted PSDs 
was apparent. 
For the power-law growth kinetics, variations of the parameter £ 
(aty=3.0) had little effect on the growth rate constants, but strongly 
affected the death rate constants (Table 7, Figure 10). Again, no effect 
on the predicted PSDs was observed (Figure 8), 
Therefore, we are left with two alternative models that fit the 
experimental PSD equally well (Figures 11 and 12). Though a size-dependent 
collision efficiency (i.e., the efficiency of collision between large 
aggregate/primary particle may be different from that of small aggregate/ 
primary particle) may occur, the use of a size-independent efficiency 
greatly simplifies the model, reducing the kinetic parameters to two 
rate constants, k and K^. The death rate as given by Equation (3.25, 
was considered for the remaining discussion. 
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Figure 11. Predicted PSD for experiment 7. pH 4. 
250 rpm; 0.384 rag/cm^ 
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O EXPERIMENTAL 
-PREDICTED 
10 0 8 4 6 2 
L, 
Figure 12. Predicted PSD for experiment 10. 
148 rpmj 0.564 mg/cm^ 
pH 4.33; 
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Figures 13 and 14 compare experimental and predicted PSD, experimental 
points are the average number density at each sampling time. 
Data were not obtained on fragment size distribution, so a direct 
check of the 'thorough* breakage mechanism is not possible. The mechanism 
may be checked, however, as follows. Consider that every breakage 
event on Figure 4 results in two fragments of equal volume. Then, 
B(L) = Z^DCZ'^/^L) = 2P(l*^^3)kHL%n(2P/3L) (4.1) 
where p is the number of events leading to a particle of size L. 
Tables 9 and 10 show the behavior of the birth function for several 
values of p (^=3). For L > 5 (om B(L) is virtually zero after the first 
event; for L > 1 (jjn just few strikes (~12) are required to make B(L) 
vanishingly small. Therefore, only a relatively short series of events 
need to occur during the fluid shear incident to cause an effectively 
'thorough' breakage. 
Then, the proposed thorough breakage mechanism, though a limiting 
case, is supported. It is in agreement with the fact that during ageing 
experiments (Figure 15), an increase in number of large particles ( < 6.5 
jim) is accompanied by a decrease in number of intermediate sized particles 
(2-6.5 (j,m) and no appreciable decrease in the number of small particles 
(< 2.0 jim). This was also observed by Grabenbauer and Glatz [29]. Since 
primary particles are not being generated, the appearance of L^-sized 
particles can only be explained through a breakage process yielding these 
particles. Although some larger particles (»L^) may have appeared, the 
extent was apparently not enough to cause disparity between model and 
experiment. 
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CO 
A EXPERIMENTAL PSD RUN 6 
o EXPERIMENTAL PSD RUN 11 
PREDICTED PSD 
10 12 0 4 6 2 8 
L, ym 
Figure 13. Predicted PSDs for experiments 6 and 11. (6) pH 4.88; 
152 rpmj 0.308 mg/cm^j (11) pH 4.90; 150 rpm; 0.559 mg/cm^. 
(A»0) average number density at each sampling time 
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O EXPERIMENTAL PSD RUN 9 
PREDICTED PSD 
12 10 4 6 0 2 8 
L, ym 
Figure 14. Predicted P^D for experiment 9. pH 4.92; 152 rpmj 
0.394 mg/cm . (0) average number density at each 
sampling time 
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Figure 15. Changes on PSD during ageing (Experiment 12) 
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Table 9. Values assumed by the variables in Equation (4.1) 
L n(2P/3L) 
(|im) L P=1 P=2 p=3 p=4 p=10 p=12 
1 1 n( 1.26) n( 1.59) n( 2) n( 2.52) n( 10.08) n( 16) 
2 8 n( 2.52) n( 3.18) n( 4) n( 5.04) n( 20.16) n( 32) 
5 125 n( 6.30) n( 7.95) n(10) n(12.60) n( 50.40) n( 80) 
10 1000 n(12.60) n(l5.90) n(20) n(25.20) n(100.80) n(160) 
12 1728 n(15.12) n(19.08) n(24) n(30.24) n(l20.96) n(192) 
Table 10. Values assumed by the birth function. B(L)* 
P=1 P=2 p=3 p=4 p=10 p=12 
B(l) f t t t t 0 
B(2) t t t 0 0 
B(5) t t t 0 0 0 
B(10) 0 0 0 0 0 0 
B(12) 0 0 0 0 0 0 
^(^) B(L) is significantly different from zero; (0) B(L) may be 
assumed to be zero. 
Protein concentration variations 
The effect of increasing the protein concentrations was to shift the 
PSD upward, preserving the overall shape of the distribution. The same 
trend was observed for both pH's. This is consistent with the studies of 
Virkar ^  al. [97], where they found no effect of protein concentration on 
2 
mean aggregate size up to 15 mg/cm , a value well above the concentrations 
used in the present investigation. Hence, if experimental data are 
analyzed as percent number density (ratio of number density to total count). 
the shift in PSD due to concentration can be eliminated (Figures 16A,B). 
Figures 17A and 17B show that the rate constants k and do not depend 
on concentration. But, this is not predicted by Equation (3.6a), where 
the growth rate constant was shown to depend on concentration. It may 
be that the range of concentration used was too small for the measurement 
sensitivity, hence the normalization can be justified for this case, 
but should not be extended to higher concentrations. 
Mixing speed variations 
Figure 18B shows the size distribution narrowing as mixing speed 
increases, with the number of smaller and larger particles decreasing 
and the number of intermediate sized particles increasing. The increase 
in the intermediate range could result from the breakup of large aggregates 
into the intermediate size range. Or, more likely it may be explained 
by breakup into particles smaller than those that appear in Figure 18B 
along with an increased aggregation rate (Figure 19) as a result of the 
higher shear rates. 
The rate constants k and increased (Figure 19) with stirrer 
speed, the relative increase being larger for the breakage rate constant. 
Thus, higher shear reduces the maximum stable size. 
For the high ionic strength runs (Figure 18A), a comparison of 
runs 1 (348 rpm) and 4 (160 rpm) shows a significant increase in population 
density of larger particles as stirrer speed increases; the same qualitative 
behavior is observed if experiments 1 and 2 (235 rpm) are compared. Thus, 
growth was enhanced by increasing the mixing speed, but the offsetting 
increased breakup is not apparent. The addition of NaCl to PFS prior 
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Figure 16. Effect of feed concentration on PSD 
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Figure 17. Effect of concentration on rate constants for the linear growth 
kinetics, (A) growth rate constant; (B) death rate constant. 
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Figure 18. Effect of mixing power input on PSD 
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Figure 19. Effect of mixing on rate constants for the linear growth kinetics. 
(A) growth rate constant; (B) breakage rate constant. pH 4.30, 
runs 5, 8, and 10. D = kL^n 
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to precipitation may have resulted in stronger aggregates during the 
acid precipitation, as salt stabilizes the quaternary structure of 7S and 
lis proteins [32]. The change between runs 2 and 4 does not show this 
pattern. Experiment 2 was conducted at pH 4.25 where particles show 
a very high Ç-potentialj hence, aggregates may be weaker than the ones 
produced in experiments 1 and 4. 
pH and ionic strength 
Changes in the precipitating pH do change the nature of the aggregates. 
At pH 4.30, the formed particles have a large positive Ç-potential 
(Figure 6) and protein solubility is higher [28]. Therefore, the number 
of primary particles should have diminished and the growth rate decreased 
as a result of interparticle repulsive forces. The growth rate constant 
(Figure 20) and the recovery (Table 4) increased in going from pH 4.3 
to 4.9. This is not in agreement with Virkar et al. [97]; these investi­
gators found larger particles at fdl 4.2-4.6 for precipitations carried 
out in batch and continuous-flow tubular reactors. 
Maximum aggregate strength and, hence, lower breakage rate constant 
would also be expected to occur at zero Ç-potential, but this is not 
seen in Figure 20B. The explanation might be that a surface property 
such as %-potential can account for growth at the surface, but not for 
breakup which depends on forces within the aggregate. In any case, this 
question remains open since no direct measurements of breakup or aggregate 
strength were made. 
Lowering the final ionic strength (experiment 12) increased the 
yield as expected, since in the pH range 4-5 sodium chloride increases 
0.15 
•g 0.10-
S. 
0.05 
0.20 
4.90 
I 
c 
'i 
ro E 
CSJ 
o 
X 
pH 
0.15 — 
0.10 
Figure 20. Effect of jdî on rate constants for linear growth kinetics. 
(A) growth rate constant; (B) breakage rate constant. 
pH 4.30, run 10; pH 4.90, run 11. D = kL^n 
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the solubility of soybean proteins [45,81], 
High ionic strength PFS 
The addition of NaCl to the protein feed resulted in a different 
distribution (Figure 21). Several factors may be operating here. 
Kinsella [45] has observed that IIS proteins form reversible association 
polymers at 0.10 ionic strength and pH 7.5 (our protein solution was at 
pH 9.0, O.lOjj,). We observed some formation of small particles during 
storage (2-3 hours) of the H-PFS. In addition, the in-line 0.45 (im 
filters tended to plug in the runs with H-PFS, but not with the normal 
PFS. Hence, the reactor for runs 1-4 was undoubtedly seeded with particles 
passing through these filters. Finally, associated proteins might well 
give particles of a different nature upon irfi adjustment in the reactor. 
The parameters for experiments 1 to 4, may be estimated if the 
presence of particles in the feed is accounted for by considering the 
population balance (Equation 3.26), for particles larger than a critical 
size (say, L > Ijom). The results are shown in Table 11. Comparison of 
the rate constants for experiments 1, 2, and 4 with 8, 5, and 10, respec­
tively shows a marked decrease in both rate constants. The predicted 
PSDs were in agreement with experimental results in all case, but 
experiment 2. . . 
Mean residence time variations J ; ^ 
The population density of large aggregates increased by using a 
longer residence time (Figures 22, 23). Figure 23 shows the predicted 
PSD for increasing residence times. The parameters 9^, and 0^ were 
estimated using Figure 19. 
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Figure 21. PSD obtained by using H-PFS and normal-PFS 
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Table 11• Estimated parameters for experiments 1 to 4 
D = kL^n 
Run KQ X 10 k X 10^ R^ 
Number (min~^) C(ira\in 
1 0.483 1.019 0.9966 
2 0.188 0.182 0.9837 
3 0.327 0.687 0.9858 
4 0.288 0.543 0.9856 
It was said before that the formation of primary particles is 
determined by [96]: (a) nature of colloidal particles; (b) concentration 
and valency of electrolyte; (c) surface potential. Therefore, the number 
and physico-chemical state of the primary particles should not depend 
directly on variables such as residence time. However, by increasing the 
residence time, we are indeed increasing the probability of aggregate-
primary particle collisions, thus enhancing the growth; the stability 
of protein aggregates was shown to be a function of intensity and time 
of agitation [7], so a decrease in breakup may also be expected as a 
result of using longer residence times. 
These effects are apparent in Figures 22 and 23, but not in Table 
11. There an increase in breakage is shown for experiment 3 (T=14.41 
min). This may be reflecting the poor fit of experimental data for run 
2 .  
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Figure 22. Effect of mean residence time 
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Figure 23. Effect (predicted) of mean residence time on PSD. 
Parameters predicted using Figure 19. f(n^,L^) = 
n^L®^exp(02L^) 
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CHAPTER VI: SUMMARY, CONCLUSIONS AND SUGGESTIONS 
Summary and Conclusions 
The kinetics of protein aggregation can be modelled as a combination 
of growth, breakage, and outflow from the continuous stirred tank 
precipitator. A linear or power-law growth kinetics based on turbulent 
collision frequency (primary particle/aggregate) can be incorporated 
into the population balance along with an expression to account for 
the 'thorough' breakage resulting from hydrodynamic shear. The extent 
of appearance of larger fragments (» L^) was apparently not enough to 
cause disparity between model and experiments. For PSD showing a maximum 
for the intermediate sized particles (2-6.5 |im), as the*ones obtained 
by Grabenbauer [28], the 'thorough' breakage mechanism is unable to 
explain the experimental results. In this case, the appearance of larger 
fragments may be very important. 
PSDs of soybean protein aggregates produced in a continuous stirred 
tank reactor are affected by: (a) pH; (b) power input; (c) residence 
time; (d) ionic strength; (e) order of addition of salt; (f) feed 
concentration. 
Effects of concentration in the range employed here may be eliminated 
by expressing the experimental data as % number density. But, this 
normalization should not be extended to higher concentrations. Precipi­
tation at very low pH (4.30) decreased the yield, growth and breakage 
rate constants. Increase in power input resulted in an increase of both 
breakup and growth. An increase in the number density of larger 
aggregates was obtained by using longer residence time. The addition 
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of salt to the protein feed solution strongly affected the PSD, but 
this effect has not been fully explained. 
Suggestions for Further Work 
The modeling equations closely described the precipitation process, 
but the experimental information available was not enough to permit 
distinction between growth kinetics (linear or power-law), or to check 
on breakage mechanism. To accomplish these tasks, new experiments, 
new experimental techniques, and more simulation are required. Suggestions 
for further work are as follows: 
1. Test the model with PSD from precipitations under different 
conditions and techniques, e.g., concentrated solutions, 
salting out, etc. 
2. Investigate the use of ageing and unsteady state experiments 
to obtain information on breakage and growth kinetics. 
3. Investigate a technique to generate the fragment size 
distribution function. 
4. Investigate a technique to measure the yield stress of 
protein aggregates. 
5. Correlate Ç-potential (growth kinetics) to yield stress 
(breakage kinetics). 
6. Investigate a technique to measure growth and breakage 
rate constant, e.g., by conducting experiments where only 
growth (or only breakage) predominates. 
7. Investigate a particle counting technique that gives more 
and better information, e.g., density for small particles 
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(L < 1 jiin), density at close size intervals, etc. 
Investigate the effects of pH, salt concentration, mixing 
power on size and characteristics of primary particles, 
e.g., by using SEM photographs to estimate size and explore 
characteristics of primary particles. 
Investigate a technique that permits the identification 
of bonds involved on primary particles and aggregates 
structure. 
Investigate the kinetics of precipitation of pure 7S and IIS 
globulins, e.g., by conducting similar experiments with 
pure proteins. 
Investigate effects of extraction conditions on kinetic 
parameters. 
The volume fraction of primary particles is a system 
property, according to the precipitation mechanism proposed 
(rapid formation of primary particles, followed by growth). 
Then, the volume fraction of primary particles may be 
regarded as a system 'supersaturation'. Therefore, to 
propose a nucleation kinetics, the volume fraction of 
primary particles may be used as a parameter. 
Combine the information on growth, and breakage kinetics 
to impose constraints on the system. 
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